Abstract. Previous research on the effects of tree species on soil processes has focused primarily on the role of leaf litter inputs. We quantified the extent to which arbuscular mycorrhizal (AM) and ectomycorrhizal (ECM) tree species influence soil microbial activity and nutrient availability through rhizosphere effects. Rhizosphere soil, bulk soil, and fine roots were collected from 12 monospecifc plots (six AM and six ECM tree species) planted on a common soil at the Turkey Hill Plantations in Dryden, New York.
INTRODUCTION
A fundamental question in ecology is the degree to which changes in species composition resulting from extinction, invasion, and global change will affect ecosystem processes (Grimm 1995 .
In northeastern forests where tree species composition is likely to change as a result of human-induced increases in atmospheric carbon dioxide (CO 2 ) and nitrogen (N) deposition (DeHayes et al. 2000) , several recent studies have demonstrated that tree species differ substantially in their effects on nutrient cycling , Lovett and Rueth 1999 , Lovett et al. 2004 ). However, our ability to predict how changes in tree species composition will affect nutrient cycling is constrained by our incomplete knowledge of the mechanisms influencing these cycles, and possible feedbacks between tree species and soil microbial processes (Hobbie 1992 , Wardle 2002 , Eviner and Chapin 2003 .
Early research on the effects of tree species on ecosystem processes focused on species differences in leaf litter mass and chemistry (Chandler 1941 , Stone 1975 , Binkley 1996 . Recently, several studies have suggested that plant species also influence ecosystem processes through the release of labile C from roots to adjacent rhizosphere soil (Grayston et al. 1996 , Aerts and Chapin 2000 , Eviner and Chapin 2003 . Tree roots release a wide range of C compounds to the rhizosphere (i.e., rhizodeposits) through the sloughing of root cells, and the release of low molecular mass exudates and organic secretions. Consequent alteration of the physical, chemical or biological characteristics of soil around live roots is known as the ''rhizosphere effect.'' Although rhizosphere effects have been well described in agroecosystems (Marschner 1995) , grasslands (Hungate et al. 1997 , Paterson 2003 , and wetlands (Arth et al. 1998) , little is known about the magnitude and ecological implications of rhizosphere effects in forest ecosystems.
Studies of tree seedlings have reported rhizosphere effects on nutrient availability in microcosms (Bradley and Fyles 1995, Norton and Firestone 1996 , Priha et al. 1999 , Cardon et al. 2002 , and rhizosphere C flux from mature tree roots has been shown to be great enough to influence nutrient dynamics in forests (Phillips and Fahey 2005) . In N-limited soils, rhizosphere C flux may reduce N availability if nutrient-limited rhizosphere microbes immobilize N (Cheng et al. 1996) . Alternatively, rhizodeposition may increase N availability in soil if grazing of rhizosphere bacteria releases inorganic N through the microbial loop (Clarholm 1985 , Bonkowski 2004 or through increased enzyme production resulting from priming effects , Paterson 2003 . The availability of other nutrients such as P is also likely to be influenced by rhizosphere effects. Roots and rhizosphere microbes may increase P availability through the release of phosphatase enzymes (Grierson and Comerford 2000) but decrease P availability in acid soils through acidification of the rhizosphere (Hinsinger 1998) . Rhizosphere effects on P availability may be especially important in forests of the northeastern United States where high rates of N deposition may result in a shift from N limitation toward P limitation (Aber et al. 1998 , Carreira et al. 2000 . Nearly all fine roots in forests are mycorrhizal, and little is known about the influence of mycorrhizae on rhizosphere processes (Grayston et al. 1996 , Jones et al. 2004 . Most temperate forest communities consist of a mixture of arbuscular mycorrhizal (AM) and ectomycorrhizal (ECM) tree species. Because the two mycorrhizal types exhibit striking differences in morphology, C sink strength, and spatial extent of hyphae (Finlay and Soderstrom 1992) , differences in rhizosphere effects between AM and ECM trees are likely. ECM roots are sheathed by a thick mantle from which aggregated layers of thin-diameter, thick-walled hyphae (i.e., mycelium) extend relatively long distances from the root surface. In contrast, AM roots have no mantle, and the largediameter thin-walled hyphae emanate from intracellular fungal structures into nearby soil. Thus, ECM roots are considered to be stronger sinks for C than AM roots (Finlay and Soderstrom 1992, Marschner 1995) . Differences in the turnover of hyphae may also influence the magnitude of rhizosphere effects. In ECM roots, mycelial turnover is believed to be much slower (weeks to months) than AM roots (days to weeks) due to the high chitin content of the fungal tissue (Langley and Hungate 2003) . However, AM roots also produce the glycoprotein glomalin, which may reduce decomposition rates (Rillig 2004) .
Differences in the magnitude of rhizosphere effects between AM and ECM trees may also result from differences in the capacity for enzyme synthesis. ECM hyphae produce and release lignolytic and proteolytic exoenzymes (Chalot and Brun 1998) whereas AM hyphae generally do not (Read 1992 , but see Hodge et al. 2001) . Release of these enzymes may increase gross N mineralization and thus N availability to trees, though N immobilization by rhizosphere microbes may reduce this effect (Norton and Firestone 1996) . In many forests, .90% of soil P is organically bound (Marschner 1995) , and the release of acid phosphatase enzymes by roots and hyphae is important for P acquisition. In ECM trees, phosphatase enzymes can be synthesized by roots and mycelium (Haussling and Marschner 1989, Grierson and Comerford 2000) , whereas in AM trees, phosphatase is produced primarily by roots (Tarafdar and Marschner 1994) and to a much lesser extent by hyphae (Dodd et al. 1987 , Joner et al. 2000 . Moreover, the greater spatial extent of ECM hyphae may increase the distribution of these enzymes in soil and result in greater rhizosphere effects on P in ECM trees.
Recent recognition of the importance of belowground C fluxes has highlighted the need for more information on how tree species and mycorrhizal associations influence nutrient availability through rhizosphere effects (Binkley and Giardina 1998 , Cheng 1999 , Aerts and Chapin 2000 , Kuzyakov and Domanski 2000 , Eviner and Chapin 2003 . Our primary objective was to quantify rhizosphere effects in mature trees of several different AM and ECM tree species growing under field conditions. We hypothesized that mycorrhizal roots of all tree species would stimulate microbial activity and nutrient availability in the rhizosphere, and that systematic differences between ECM and AM roots (e.g., greater rhizosphere C flux and capacity for enzyme synthesis) would result in greater rhizosphere effects on C, N, and P cycling in soils of ECM tree species. To our knowledge, this study is the first to quantify rhizosphere effects in several different ECM and AM tree species, all growing under field conditions in a common soil.
METHODS
All samples were collected from monospecific tree plantations at the Turkey Hill Plantations (THP) in Tompkins County, New York (42827 0 0 00 N, 76825 0 0 00 W; elevation 430-460 m). The area receives an average of 874 mm of precipitation annually, with average annual temperatures of À5.88 and 17.78C in January and June, respectively. All trees at the THP were planted in a common soil between 1939 and 1941 by Cornell Professor Robert F. Chandler in order to examine the long-term effects of tree species on soils. Soils at the THP are Typic Fragiudepts (Bath, Mardin Series) and Typic Dystrudepts (Lordstown Series), and are coarse-loamy textured, moderately well-drained, and acidic. The soils developed from silt-enriched till derived from local sandstones and siltstones, and were under intensive cultivation for ;100 years prior to planting (Pallant and Riha 1990) . Many plots at the THP are heavily colonized by nonnative earthworms, which influence the quality and quantity of organic matter at the soil surface.
For several tree species replicate plots of ;0.4 ha were available at the THP. In 2003, we sampled six tree species with replicate plots representing three AM and three ECM tree species (Table 1) . The AM species included black locust (Robinia pseudoacacia L.), sugar maple (Acer saccharum Marsh), and white ash (Fraxinus americana L.), and the ECM species were Norway spruce (Picea abies L. Karst), northern red oak (Quercus rubra L.), and red pine (Pinus resinosa Ait.). In 2004, six additional tree species that lacked replicate plots were sampled in order to better demonstrate how tree species from the two mycorrhizal associations influence rhizosphere effects. Nonreplicated AM species were black cherry (Prunus serotina Ehrh.), red maple (Acer rubrum L.), and tulip poplar (Liriodendron tulipifera L.), and ECM species were American basswood (Tilia americana L.), quaking aspen (Populus tremuloides L.), and white pine (Pinus strobus L.). Although red oak and quaking aspen roots may be colonized by AM fungi (Vozzo and Hackskaylo 1974, Dickie et al. 2001) , and black locust roots may be colonized by ECM fungi (Olesniewicz and Thomas 1999) , none of the roots collected from the THP were colonized by both types of mycorrhizal fungi. In all plots, the primary species comprised .85% of the basal area in the plot, and there was minimal understory development with the exception of the black locust, tulip poplar, and red pine plots which had a well-developed understory of Lonicera sp. Fine roots (,1 mm) and adhering rhizosphere soil were carefully picked out of the basin with forceps and shaken gently to remove loose soil. Soil adhering to fine roots after gentle shaking was defined as rhizosphere soil, while that not adhering was defined as bulk soil. This method is currently the only way in which a sufficient mass of rhizosphere soil can be collected for process-based assays (Badalucco and Kuikman 2001) . The number of soil cores taken on each transect was based on the number needed to collect .20 g of rhizosphere soil. All samples were kept cold in the field and refrigerated at 48C until processing (,24 h after collection).
Several hours after field sampling, rhizosphere soil was carefully removed from fine roots by gently scraping adhering soil with fine forceps. Special care was taken to detach adhering soil without damaging fine root networks, and considerable effort was made to remove root hairs and fragments from soil samples. While separating roots from rhizosphere soil (;45 min per sample), bulk soil samples collected from the same transect were exposed to identical conditions in order to ensure that the paired soils were stored and processed similarly. After separation from soil, fine roots were washed with tap water and placed in 50% ethanol for later processing.
Laboratory analyses
All microbiological assays were performed on fresh soil within 24 h of collection from the field. Microbial biomass carbon (MB-C) was quantified using a modification of the chloroform fumigation-incubation method (Paul et al. 1999) . Several hours after collection, 2 g dry mass equivalent (DME) subsamples of soil were fumigated with ethanol-free chloroform for 16-24 h in a humid atmosphere. Fumigated soils were then reinoculated with 0.1 g of soil, mixed, and incubated aerobically for 10 d at ;228C. Nonfumigated controls (2 g DME) were also incubated aerobically for 10 d to Notes: In replicated plots, values are means (and standard deviations) for the two plots. In nonreplicated plots, values are means (and standard deviations) for samples collected within each plot (n ¼ 3). Different superscript letters denote significant differences between species with replicated plots for a given response variable (a ¼ 0.05).
quantify potential C mineralization rates and as controls for MB-C assays. Carbon dioxide (CO 2 ) released from incubating soil was collected in base traps of 10 mL of 0.1 mol/L NaOH and CO 2 -C was determined by single end-point titration with 0.1 mol/L HCl following addition of 400 lL of 1.5 mol/L BaCl 2 . We did not adjust soil moisture or preincubate samples prior to fumigation (Paul et al. 1999 ) in order to minimize the rapid utilization of labile C by microbes. Calculation of MBC was made based on k 1 , k 2 , and k c values of 0.29, 0.23, and 0.41 using the equation of Paul et al. (1999) . Potential C mineralization rates were calculated from CO 2 -C released from control samples incubated under the same conditions as described previously.
Soil inorganic N (NH 4 þ and NO 3 À ) and potential net N transformation rates (nitrification and mineralization) were determined by extraction with 2 mol/L KCl. For inorganic N, recently collected soils (,24 h after sampling) were mixed with KCl (10:1), shaken for 1 h, and filtered with Whatman 41 paper (Whatman Inc., Florham Park, New Jersey, USA). For N transformations, control soils from the microbial biomass assay were extracted with KCl after a 10-d aerobic incubation (;228C) using the same extraction procedure as for inorganic N. All KCl extracts were acidified with HCl to pH , 2 to prevent microbial growth and refrigerated at 48C until analysis. KCl extracts were analyzed for NH 4 þ and NO 3 À on a flow-injection autoanalyzer (OI Analytical, College Station, Texas, USA). Potential net nitrification and net mineralization rates were calculated as the change in NO 3 À and inorganic N before and after the 10-d incubation, respectively.
Acid phosphatase enzyme activity was determined using a modification of the method described in Tabatabai (1994) . Subsamples of soil (1 g DME) were placed in 15-mL centrifuge tubes, mixed with 200 lL toluene, 4 mL modified universal buffer (pH ¼ 6.5), and 1 mL buffered p-nitrophenol phosphate solution. Samples were incubated for 1 h at 378C. Immediately following the incubation, 1 mL of 0.5 mol/L CaCl 2 and 4 mL of 0.5 mol/ L NaOH were added to each tube to stop the reaction. Tubes were then centrifuged for 5 min at 2500 rpm (5000 gravities), filtered with Whatman 2v paper, and diluted. Concentrations of p-nitrophenol released by phosphatase activity were determined spectrophotometrically at 420 nm using p-nitrophenol standards. For each sample, a second control sample, which received no p-nitrophenol phosphate solution was incubated and extracted using the same procedure in order to correct for color developed from the background soil matrix. Phosphatase enzyme activity was estimated as the amount of p-nitrophenol released after correcting for controls (micromoles of pnitrophenol per gram per hour).
Maximum respiratory activity (MRA) of soil microbes was estimated for the replicated species only (2003), using a modification of the substrate-induced respiration method (Anderson and Domsch 1978) . Glucose solution (8 mg C/g soil) was added drop-wise to 2 g DME of soil and carefully mixed. This amount of glucose corresponded to the amount of glucose required to obtain the maximum flush of CO 2 based on previous experiments. Glucose-amended soils were incubated for 8 h at 228C, and CO 2 released from incubating soil was collected in base traps and titrated as described above. Soils were incubated for slightly longer than most SIR protocols because the small quantity of incubating soil limited recovery of CO 2 in the base traps. As a result, the data are not used to estimate microbial biomass but rather as an index of potential microbial activity.
Soil subsamples for each assay were expressed on dry mass equivalent basis after oven-drying subsamples to constant mass at 1058C. Soil pH (H 2 O) was determined on air-dried subsamples of soil using a 2:1 slurry. Percentage organic matter was determined by loss on ignition in a muffle furnace (4308C for 16-24 h).
Mycorrhizal colonization of fine roots (,1 mm diameter) from AM and ECM trees was quantified using the methods of Brundrett et al. (1994) . Arbuscular mycorrhizal roots were washed, cleared in a 10% KOH solution in a boiling water bath, bleached with H 2 O 2 , and stained with ink glycerol-vinegar solution overnight. Roots were destained in glycerol-vinegar solution for several days, mounted on slides, and scored for mycorrhizal structures (vesicles, coils, and arbuscules). In total, 100 random intersections per sample were scored under a compound microscope using the gridline intersect method.
ECM roots were washed gently to remove soil, and mycorrhizal root tips were counted under a dissecting microscope. For Norway spruce and red oak, mycorrhizal tips were divided into two morphotypes based on the color of the mantle (yellowish or black). Percentage colonization of fine roots (AM structures or ECM root tips) was calculated as a percentage of fine root length (,1 mm) as determined by the gridline intersection method. For nonreplicated species, only presence or absence of mycorrhizal structures was determined.
Calculations and statistics
Rhizosphere effects were calculated as the percentage difference between paired rhizosphere and bulk soil samples for each soil variable. A positive rhizosphere effect indicates a greater pool or flux in rhizosphere soil relative to bulk soil, while a negative rhizosphere effect indicates a greater pool or flux in the bulk soil. For replicated species, a mixed model was used to assess whether the average rhizosphere effect from the two replicate plots was statistically different from zero. The multilevel model incorporates the average rhizosphere effect of all samples within each plot while using the correct error term (n ¼ 2 replicate plots). In red oak and sugar maple, samples collected in September 2003 were included in the model after it was determined that rhizosphere effects were not significantly different between sampling dates. Due to the low number of replicate plots (n ¼ 2), rhizosphere effects for individual species were considered statistically different from zero at a¼0.1.
In nonreplicated species, rhizosphere effects were calculated at the plot level based on the average rhizosphere effect from all samples collected within the plot. Rhizosphere effects in AM vs. ECM plots were calculated for replicated and nonreplicated species (n ¼ nine plots of each mycorrhizal type; a ¼ 0.05). Pearson correlation coefficients were used to describe the relationship between fine root/mycorrhizal variables and rhizosphere effects at the plot (and not individual sample) level. Nonnormal data were log-transformed to meet conditions of normality and all data were analyzed in SAS v. 9.1 (SAS Institute 2004).
RESULTS
Bulk soil properties in the upper 4 cm of soil differed between plots (Appendices A and B) as a result of both tree species and earthworm effects on soil organic matter. Soil organic matter, which ranged from 7.8% in the tulip poplar plot to 56.1% in one red oak plot, was positively correlated with earthworm biomass (r ¼ 0.64) and earthworm abundance (r ¼ 0.54) in 10 plots where earthworms were sampled (E. Suarez, personal communication). Soil moisture varied nearly threefold between plots, and soil pH varied by more than two pH units between plots (Table 1) . Soil pH under conifers (3.81-4.06) was much lower than under tulip poplar (5.56) and basswood (5.93) likely reflecting the effects of leaf litter chemistry on soil organic matter dynamics (Binkley 1996) . The low soil pH under black locust (3.94) and sugar maple (4.11) likely resulted from the high percentage of organic matter and to a lesser degree from nitrate leaching induced by moderate to high nitrification rates in these plots (66% and 99% of net N mineralization rates in maple and locust, respectively). The percentage of soil at 0-4 cm depth classified as rhizosphere varied between 6.7% and 32.7%, but did not differ significantly among the replicated species (Table 1) .
Microbial biomass and several indices of microbial activity differed between species in replicated plots, and in most cases species differences were likely the result of differences in soil organic matter content (Appendix A), as few species differed significantly when the data were expressed per gram of organic matter. This was most evident in white ash plots where MB-C, MRA, and phosphatase activity were lower than nearly all other species when expressed per gram of soil, but greater than those species when expressed per gram of organic matter. Differences between nonreplicated species were not quantified but show the same trend of less variability between plots when data were expressed per unit organic matter (Appendix B).
Not all species differences were merely the result of differences in organic matter. In red oak soils, net N mineralization rates were significantly lower than in plots of other species despite the greater organic matter content of soils ( ), which is consistent with other studies , Verchot et al. 2001 , Lovett et al. 2004 ). In Norway spruce plots, MB-C, MRA, and potential C mineralization rates were relatively low despite high organic matter content. In this instance, soil microbes may have been limited by low soil pH resulting from the strongly acidic nature of spruce litter (Binkley 1996) .
Rhizosphere effects in replicated species
We found few significant differences in the physical and chemical properties of the rhizosphere compared to the bulk soil (Fig. 1) . Organic matter was not enriched in the rhizosphere for any species, and there was 17% less organic matter in the rhizosphere than the bulk soil of for the six tree species with replicate plots (n ¼ 2 plots). Effect differences significantly greater than zero are noted by the symbols ( P , 0.1; *P , 0.05; **P , 0.01; ***P , 0.001). Tree abbreviations are: BL, black locust; SM, sugar maple; WA, white ash; NS, Norway spruce; RO, red oak; RP, red pine. black locust (P ¼ 0.08). Similarly, rhizosphere effects on soil pH (expressed as differences in the H þ concentration) were not significant for any of the replicated species (Fig. 1) . Sugar maple showed a small but nonsignificant trend toward rhizosphere acidification and white ash a trend toward rhizosphere neutralization. Rhizosphere effects on soil microbes and their activities were significant for ECM species, but in only a few cases for AM species (Fig. 2) . Relative to bulk soil, rhizosphere microbial biomass was 51% greater in red pine, and 24% and 18% greater in Norway spruce and white ash, respectively. Similarly, the maximum respiratory activity (MRA) was elevated in the rhizosphere of red pine (50%), Norway spruce (28%), and white ash (34%). Although MRA was 25% less in the rhizosphere than the bulk soil of black locust, this difference was not significant (P ¼ 0.12). Potential C mineralization rates were only elevated in the rhizospheres of red pine (51%) and white ash (36%). Assays of N and P availability were significantly elevated in the rhizosphere of most ECM species but few AM species (Fig. 2) . Potential net N mineralization was greatly enhanced in the rhizospere of red pine (48%), red oak (32%), and Norway spruce (25%). Sugar maple was the only AM species with significantly greater rates of net N mineralization in the rhizosphere (15%). Nitrification was elevated only in the rhizosphere of red pine (42%). Acid phosphatase activity was 32% and 35% greater in rhizosphere relative to bulk soil in Norway spruce and red pine, respectively.
Rhizosphere effects in AM and ECM tree species
We hypothesized that rhizosphere effects on soil microbes and microbial activity would be greater in ECM than in AM tree species. Based on pooled data from replicated and nonreplicated tree species (six species of each mycorrhizal type), this hypothesis was FIG. 2. Rhizosphere effects for microbial biomass C, maximum respiratory activity, C mineralization rate, net N mineralization rate, net nitrification rate, and phosphatase activity. Values are means (and standard errors) for six tree species with replicate plots (n ¼ 2 plots). Levels of statistical significance are as described in Fig. 1 . Tree abbreviations are as in Fig. 1 . not rejected: in ECM tree species rhizosphere effects on microbial activity were generally greater than for AM species (Fig. 3) . With the larger sample sizes for analysis of pooled species, rhizosphere effects were usually significant for both AM and ECM species. In AM tree species, rhizosphere effects on microbial biomass (10%), net N mineralization (10%), and phosphatase activity (12%) were significantly greater than zero. Rhizosphere effects on C mineralization rates in AM species were only significant at P ¼ 0.103. In ECM species, rhizosphere effects were 25-30% for microbial biomass, C mineralization rates, net N mineralization, and phosphatase activity (Fig. 3) .
Soil pH was strongly related to rhizosphere effects in AM and ECM trees for net N mineralization rates and phosphatase activity (Fig. 4) , but not for C mineralization rates. At lower soil pH (,4.3) rhizosphere effects on nutrient availability were greater in magnitude. Net N mineralization rates in the rhizosphere were 25% greater than bulk soil rates in plots with soil pH ,4.3, but there were no rhizosphere effects on net N mineralization in plots with soil pH .4.3 (P ¼ 0.478). Phosphatase activity in the rhizosphere was 24% greater than in bulk soil in plots with soil pH ,4.3, but only 11% greater in soils with pH .4.3.
Root and mycorrhizal variables influenced the magnitude of rhizosphere effects in the replicated plots. For ECM tree species, fine root biomass was negatively correlated with the relative magnitude of rhizosphere effects for C mineralization (r ¼ À0.88; P ¼ 0.02), but not significantly correlated with rhizosphere effects for N mineralization (r ¼ À0.66; P ¼ 0.15) and phosphatase activity (r ¼ À0.35; P ¼ 0.50). The percentage of root tips colonized by ECM fungi was not correlated with the magnitude of rhizosphere effects on C, N, or P cycling. In contrast, for the AM tree species the percentage of roots colonized by mycorrhizal structures was negatively correlated with the magnitude of rhizosphere effects for C mineralization (r ¼ À0.83; P ¼ 0.04) and N mineralization (r ¼ À0.83; P ¼ 0.02) but not for phosphatase activity (r ¼ À0.55; P ¼ 0.26). In AM tree species, fine root biomass was not correlated with rhizosphere effects for any of the assays.
DISCUSSION

Rhizosphere effects in field soils
Although it is well known that soil microbial activity is stimulated in the rhizosphere (Curl and Truelove 1986 , Lynch 1990 , Pinton et al. 2001 , quantifying the magnitude of rhizosphere effects in the field is challenging because the rhizosphere is ''discontinuous in time and space, and variable in extension and character'' (Smith 1990) . Most previous studies of rhizosphere effects in trees have been conducted on seedlings growing in pots. In some of these studies rhizosphere soil is defined merely as soil from potted plants relative to unplanted controls (Bradley and Fyles 1996 , Priha et al. 1998 , 1999 . Other approaches have included training roots to grow along root windows (Norton and Firestone 1996) and root-exclusion zones (Gahoonia and Nielsen 1991, Tate et al. 1991 ). Although such methods may elucidate the mechanisms by which tree roots influence rhizosphere processes, they provide limited insight into the ecological relevance of rhizosphere effects at the ecosystem scale (Jones 2003) .
In this study, we employed the adhering soil method because it enabled us to sample roots from mature trees and to collect a sufficient amount of soil for processbased assays. The primary disadvantage to this method is that it requires destructive sampling of mycorrhizal hyphal networks, and thus differences in rhizosphere and bulk soil processes (as well as bacterial commun- FIG. 4 . Rhizosphere effects for C mineralization rate (C min.), net N mineralization rate (N min.), and phosphatase activity (Phosph.). Values are means (and standard errors) for plots with soil pH .4.3 and soil pH ,4.3. Levels of statistical significance are as described in Fig. 1 . Different letters indicate significant differences between plots with soil pH .4.3 and plots with soil pH ,4.3 for a given variable (a ¼ 0.05).
FIG. 3.
Rhizosphere effects for microbial biomass C (MB-C), C mineralization rate (C min.), net N mineralization rate (N min.), and phosphatase activity (Phosph.). Values are means (and standard errors) for AM and ECM tree species (n ¼ 9 plots). Levels of statistical significance are as described in Fig. 1 . Different letters indicate differences between AM and ECM tree species for a given variable (a ¼ 0.05).
ities) may result, in part, from the hyphal disturbance rather than from actual rhizosphere effects. Although we took extreme care to minimize the disruption of these networks, we cannot rule out that severed hyphae may have influenced our estimates of rhizosphere effects. Reductionist approaches for estimating mycorrhizal effects on rhizosphere microbes reduce the likelihood of such sampling artifacts (Heinonsalo et al. 2001 , Timonen et al. 2004 ) but generally have less ecological relevance (Read 2002) . And although root and fungal ingrowth cores may be better suited for minimizing disturbance to roots, previous research at the THP suggests that roots of several tree species (e.g., red oak, white ash, Norway spruce) do not readily grow into ingrowth cores (Fahey and Yavitt 2005, McFarlane and Yanai, in press) .
A potentially confounding factor in assessing rhizosphere effects at the THP is the presence of nonindigenous earthworms in a subset of the plots. Earthworms may disrupt hyphal networks in AM tree species (Lawrence et al. 2003) and dramatically alter C content and nutrient availability in forest soils (Bohlen et al. 2004 ). Moreover, the physical and chemical characteristics of soils with earthworms at the THP were strikingly different from those without earthworms. Most plots with high earthworm activity have low soil organic matter and high pH relative to plots with low earthworm activities. Thus, the observed negative correlation between soil pH and rhizosphere effects (Fig. 4) may have resulted, in part, from earthworm effects on soil organic matter. In a subset of plots where earthworms were sampled, earthworm biomass was negatively correlated with soil organic matter (r ¼À0.64), and positively correlated with soil pH (r ¼ 0.54) in the upper 4 cm of the A horizon. Earthworm biomass was also negatively correlated with rhizosphere effects on N mineralization (r ¼ À0.54) and phosphatase activity (r ¼À0.48). However, the lack of a relationship between earthworm densities and rhizosphere effects within the replicate red oak and sugar maple plots (data not shown) suggests that factors at the plot scale had a greater influence on the magnitude of rhizosphere effects than did earthworm activity. Because exotic earthworms are becoming part and parcel of northern temperate forests (Bohlen et al. 2004) , understanding the interaction between fine roots, earthworms, and rhizosphere effects warrants further study.
The influence of soil pH on the magnitude of rhizosphere effects across all tree species (Fig. 4) suggests the possibility that because competition for inorganic nutrients is often intense in low pH soils, trees may allocate more C to roots and mycorrhizae and thereby intensify their influence on rhizosphere processes (Aerts and Chapin 2000) . It is notable that all conifer species exhibited low soil pH and equally strong rhizosphere effects, so that this pattern may be explained in part as a ''conifer effect.'' Such a conifer effect on rhizosphere processes may arise from the extensive mycelium produced by fungal species (e.g., Rhizopogon and Suillus) that are commonly associated with Pinaceae (Agerer 2001 ). However, low pH and stronger rhizosphere effects also were observed for the three AM species, locust, sugar maple, and red maple suggesting that the root-induced enhancement of nutrient availability is not unique to conifers.
Rhizosphere effects in AM and ECM tree species
The known differences in morphology and function in AM and ECM trees probably contribute to the wide variation in rhizosphere effects across tree species. In general, data from six AM and six ECM tree species support our initial hypothesis that ECM trees have greater rhizosphere effects on microbial activity and nutrient availability than AM trees (Fig. 3) . These results are consistent with reports of greater quantities of C flux in ECM tree species (Marschner 1995) , especially in those with extensive mycelial networks (Olsson et al. 2002) . We propose several hypotheses to explain the greater rhizosphere effects in ECM trees (Table 2 ). These hypotheses relate to differences between AM and ECM tree species in the quantity and chemical quality of C flux to soil (including hyphal inputs), and the capacity for enzyme synthesis of the roots and hyphae (Langley and Hungate 2003, Jones et al. 2004) .
Differences in the magnitude of C mineralization rates between ECM and AM trees likely result from differences in the quantity and chemical quality of compounds released to the rhizosphere. Carbon inputs from roots in the form of exudates or other rhizodeposits can be two to three times greater from roots of ECM tree species compared to AM tree species (Smith 1976, Phillips and . Greater rhizosphere C flux in ECM roots might arise from ''leakier'' roots (due to the intercellular exchange of C between roots and fungi) or the greater flux of C from ECM hyphae. ECM roots and hyphae also have the capacity to synthesize extracellular enzymes (Chalot and Brun 1998) , and thus more labile C should be available to rhizosphere bacteria around ECM roots. In contrast, AM hyphae are believed not to produce proteolytic or cellulytic enzymes (Read 1992 , but see Hodge et al. 2001) , and the availability of labile C for microbial utilization may be inhibited by hyphal contributions of glomalin to soil (Rillig 2004) . AM hyphae likely stimulate C mineralization rates in the rhizosphere by turning over rapidly (Johnson et al. 2002 , Staddon et al. 2003 , and by leaking C when their thinwalled coenocytic cells are severed by soil fauna (Langley and Hungate 2003) .
In general, rhizosphere effects on net N mineralization rates differed in soils of ECM and AM tree species (Fig.  3) , but the mechanisms underlying these differences are unclear because gross rates of mineralization and immobilization were not measured. Norton and Firestone (1996) reported that roots of ponderosa pine seedlings stimulated gross N mineralization in the rhizosphere, but that the activity of rhizosphere microbes immobilized much of the N such that the net effects were minimal. Thus, enhanced N availability in the rhizosphere may result from a stimulation of gross mineralization rates or reduced microbial demand for N. ECM roots have the capacity to produce proteolytic enzymes (Badalucco and Kuikman 2001) , and the greater magnitude of rhizosphere effects on net N mineralization in ECM trees than in AM trees likely resulted from greater gross mineralization rates. Alternatively, rhizosphere effects on N mineralization in AM trees may have resulted from faunal grazing of rhizosphere microbes through the microbial loop (Clarholm 1985 , Bonkowski 2004 . This hypothesis might be tested by examining enzymes and gross N transformations in the rhizosphere of both types of mycorrhizae, and by more fully characterizing the interactions between rhizosphere microbes and their grazers.
The greater magnitude of rhizosphere effects on phosphatase enzyme activity in ECM trees also may have been related to the greater quantity of enzymes released by ECM roots. In ECM trees, phosphatase enzymes can be synthesized by both roots and mycelium (Haussling and Marschner 1989, Grierson and Comerford 2000) , whereas in AM trees, phosphatase enzymes are produced primarily by roots (Tarafdar and Marschner 1994) and to a much lesser extent by hyphae (Dodd et al. 1987 , Joner et al. 2000 . Moreover, the greater spatial extent of ECM hyphae may increase the distribution of these enzymes throughout the rhizosphere soil and result in greater rhizosphere effects on phosphatase activity. However, it is important to note that roots and mycorrhizal fungi enhance rhizosphere P availability through other mechanisms such as altering rhizosphere pH, promoting phosphorus solubilizing bacteria, and through the release of organic chelators (Hinsinger 2001) . Thus, we can only conclude that rhizosphere effects on P availability as measured by phosphatase enzyme release, were greater in ECM trees than in AM trees.
Ecological relevance of rhizosphere effects
We made a rough estimate of the relative importance of rhizosphere effects on C, N, and P cycling at the ecosystem scale. We refer to these estimates as ''realized rhizosphere effects'' (RRE):
where RS refers to the percentage of soil collected as rhizosphere soil (on a mass basis) and RE x refers to rhizosphere effects (percentage difference between rhizosphere and bulk soil) for a given response variable (x). Realized rhizosphere effects for C and N mineralization and phosphatase activity were nearly twofold greater in plots of ECM tree species (4.9-5.8%) than in plots of AM species (2.2-2.4%). In individual plots, RRE ranged from 1% to 8% in plots of AM species, and 1% to 15% in plots of ECM species. Realized rhizosphere effects reflect the degree to which fine roots influence soil processes (e.g., mineralization rates) within a given ecosystem. Although these estimates are rough approximations of the ecological importance of rhizosphere processes, they nevertheless suggest that soil processes occurring at small spatial scales are likely to have significant effects on ecosystem nutrient cycling (Belnap et al. 2003) .
Calculations of RRE are highly sensitive to the percentage of soil defined as rhizosphere soil. Thus, any factors that affect the degree to which soil adheres to roots strongly influence these estimates. An underlying assumption of the adhering soil method is that soil sticking to roots results from myriad organic deposits contributed by roots and mycorrhizal hyphae (gums, gels, mucilage, glomalin, etc.). However, other factors such as soil moisture, organic matter, and the extent of þþ Strong mycelial sink increases C flux to soil and low availability of N in rhizosphere may induce positive priming effects.
Net N mineralization
þ or À Exudates with high C:N increase microbial demand for N (À) but net mineralization (þ) may result from rapid microbial turnover due to starvation or protozoan grazing.
þþ or À Hyphae release proteolytic enzymes that stimulate gross mineralization but may also increase N immobilization.
Phosphatase activity þ Roots and hyphae release enzymes as an alternative to hyphal foraging for inorganic P beyond the depletion zone, although inputs from hyphae may be quantitatively unimportant.
þþ Both roots and mycelium release enzymes to the rhizosphere which may account for a significant portion of P uptake by plants.
Notes: Positive symbols (þ) denote greater activity in the rhizosphere (relative to the bulk soil), while negative symbols (À) denote greater activity in the bulk soil. More than one symbol indicates a greater magnitude of effect.
extramatrical hyphae may also influence the amount of adhering soil (Jones 2003) . At the THP, there was no significant difference in the percentage of rhizosphere soil in plots of AM and ECM trees (20.6% and 20.5%, respectively) but soil moisture was significantly correlated with the percentage of rhizosphere soil in plots of AM species (r ¼ 0.74, P ¼ 0.01) and not in ECM species (r ¼ 0.42, P ¼ 0.20). As a result, RRE could be overestimated in plots of AM tree species. However, RRE may have been underestimated in plots of both AM and ECM tree species, as a portion of nonadhering soil is almost certainly influenced by root activity. Moreover, differences in mycorrhizal fungal species likely influenced RRE, as different species of fungi have been shown to affect soil microbial activity in AM (Medina et al. 2003) and ECM (Heinonsalo et al. 2001 ) plants, and may vary considerably in the spatial extent of extramatrical mycelium and rhizomorphs (Agerer 2001) .
Differences in the magnitude of rhizosphere effects between ECM and AM trees could have implications for community dynamics in forests. Northern hardwood forests have a mix of AM and ECM trees, and the ability of ECM trees to increase nutrient availability through rhizosphere processes likely influences the outcome of competition for resources between ECM and AM tree species. Such enhancement of rhizosphere nutrient availability, in addition to direct uptake of organic N and P by many ECM tree species (Aerts 2002 , Jones et al. 2005 , suggests that changes in tree species composition resulting from global change may have large effects on nutrient availability in forest ecosystems, if there are shifts in the proportion of ECM and AM tree species.
CONCLUSIONS
A key challenge in ecosystem ecology is to quantify and better understand how species influence ecosystem processes (Hobbie 1992 , Binkley and Giardina 1998 , Eviner and Chapin 2003 . Most previous research on tree species effects on nutrient cycling has examined the role of leaf litter inputs (Binkley 1996) . In this study, N mineralization and phosphate activity were elevated in the rhizosphere suggesting that belowground C fluxes may be important drivers of nutrient cycling in forests. Our results suggest that although most species differed in the magnitude (and possibly mechanisms) of their rhizosphere effects, much of the variability can be explained by the mycorrhizal associations of the different tree species. Such differences in rhizosphere effects between AM and ECM trees suggest that the type of mycorrhizal associations of tree species should be considered an important trait (analogous to leaf type or shade tolerance) in evaluating the influence of tree species on ecosystem processes.
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